alignment is straightforward, PHOT1 sequences were interspersed by frequent long insertions (i.e., > 100 bp) and numerous microsatellite sites as well as polynucleotide (particularly poly A and poly T) regions. The microsatellite and polynucleotide regions (11 regions, positions 585 -653, 719 -731, 923 -937, 1624 -1657, 1936 -1952, 3492 -3502, 3650 -3704, 4494 -4502, 6202 -6287, 6749 -6768, 6785 -6814) were excluded from phylogenetic analyses due to diffi culty in homology assessment.
Both parsimony and Bayesian analyses were performed on the PHOT1 and PHOT2 datasets. Gaps were treated as missing data in these analyses. The analyses of PHOT1 put one particular species in an unexpected position in the gene tree, in confl ict with all other evidence, and visual inspection suggested that the sequence of this species was likely a mosaic that resulted from an ancestral recombination between two quite distinct sequences. Two recombination detection algorithms, MaxChi (Smith, 1992) and SiScan ( Gibbs et al., 2000 ) as implemented in the program RDP3 Beta 27 (http://darwin.uvigo.es/rdp/rdp. html; Martin et al., 2005 ) were employed to verify this initial observation. Both algorithms detected this sequence as a recombinant between two different species when a P value of 0.01 was used as a threshold for signifi cance with the multiple comparison correction option effective. To highlight this point, we partitioned the PHOT1 data set into two parts (the fi rst part designated as partition 1 and the second as partition 2) around the estimated break point of the putative recombination event and performed parsimony analyses on the two partitions.
Parsimony analyses were conducted using the program PAUP* version 4.0b10 ( Swofford, 2002 ) . Heuristic searches were performed with 1000 random stepwise addition replicates and tree-bisection-reconnection (TBR) branch swapping with the MULTREES option in effect. Nodal support was determined by bootstrap analyses ( Felsenstein, 1985 ) of 500 replicates, each with 20 random stepwise addition replicates and TBR branch swapping with MULTREES on.
Bayesian analyses were conducted using the program MrBayes version 3.1.2 (Ronquist and Huelsenbeck, 2003) . Akaike information criterion (AIC; Akaike, 1974 ) implemented in the program MODELTEST version 3.7 ( Posada and Crandall, 1998 ) was used to determine the model of sequence evolution that best fi t the data (TVM+G and GTR+G for PHOT1 and PHOT2 , respectively). We performed two independent runs of 1 000 000 generations from a random starting tree using the default priors and four Markov chains (one cold and three heated chains), sampling 1 tree every 100 generations. Plots of log likelihood scores were used to determine stationarity and trees from burn-in were discarded.
RESULTS
Sequence alignment and intron size variation -PHOT2 sequence length varies from 2230 to 2851 bp across taxa within the Verbena complex in the amplifi ed region (exon 8 to exon 14). PHOT1 is much more variable in the same region, ranging from 1952 to 4167 bp. The exon sizes are conserved between the two loci as well as across taxa ( Fig. 1 ) , so the sequence length variation is entirely from introns. Between the two loci, the pattern of intron size distribution differs greatly. For example, intron 13 is the largest among the six introns sequenced in this study at the PHOT1 locus, but it is distinctively small at the PHOT2 locus; intron 12 is the largest at the PHOT2 locus, but quite small at PHOT1 ( Fig. 1 ) . When focusing on each locus and examining intron size variation across taxa, PHOT1 intron 13 is the most variable ( Fig. 2 ) . It varies from 193 to 2468 bp within the Verbena complex. All other introns, except intron 9, also have some conspicuous variation ( Fig. 2 ) . Introns of PHOT2 do not harbor as much size variation as those of PHOT1 . Nonetheless, intron 10 varies from 500 to 1080 bp, caused by a deletion of ~240 bp in Glandularia and an insertion of ~270 bp in a group of Verbena species ( Fig. 3 ) . Due to the intron size variation and numerous smaller gaps introduced in the alignments, the fi nal alignments are 6845 bp and 3148 bp long for PHOT1 and PHOT2 , respectively (Appendices S1, S2 in Supplemental Data with the online version of this article). nucleotide substitutions have accumulated since the ancient duplication such that the two paralogs are easily distinguishable and phylogenetic analyses would not be confounded by the orthology/paralogy issue ( Fitch, 1970 ) : the two paralogs are so different in nucleotide sequence that the intron regions are not alignable at all between the two loci. (2) The PHOT genes contain many small relatively conserved exons that are separated by variable introns (e.g., Arabidopsis thaliana PHOT1 and PHOT2 have 21 and 23 exons, respectively). For species level phylogenetic studies, the ratio of information output to effort expended is expected to be high at these loci. (3) They provide an opportunity to compare the mode of intron evolution across closely related species between the two paralogs.
In this paper, the phylogenetic utility of the PHOT loci in the Verbena complex was investigated by examining resolution of gene trees from PHOT1 and PHOT2 sequences and comparing congruence and discrepancy between PHOT1 and PHOT2 and previously generated nuclear waxy and chloroplast gene trees ( Yuan and Olmstead, 2008 ) . Comparing intron size in the context of the gene trees shows dramatic intron size variation in the Verbena complex, particularly at the PHOT1 locus. These variations are largely caused by extensive invasion of short transposable elements and frequent long deletions and insertions of unknown causes. In addition, inspection of DNA sequences and phylogenetic analyses unmask a clear footprint of ancestral recombination in one Junellia species.
MATERIALS AND METHODS
Molecular data collection -Forty taxa of the Verbena complex and one outgroup species ( Aloysia virgata Juss.) were included in this study. All but three of these taxa had been used in the previous study ( Yuan and Olmstead, 2008 ) , where detailed taxon information can be found. Information on the three new taxa is listed in Appendix 1. One of the three taxa is a new accession of Glandularia bipinnatifi da Nutt., a species that had been sampled in the previous study. These two accessions are designated as G. bipinnatifi da TX1 (the one used in the earlier study) and G. bipinnatifi da TX2 (the new accession) in this paper.
Regions from exons 8 -14 of both PHOT loci were amplifi ed and sequenced. A pair of degenerate primers ( Fig. 1 ) was initially designed to amplify both loci simultaneously in tricolpates. Once several sequences from the Verbena complex were obtained, locus-specifi c primers were designed to amplify PHOT1 and PHOT2 separately, and fi nally a set of semi-universal primers were optimized for amplifying and sequencing Lamiales for each of the PHOT paralogs ( Fig. 1 ) . Cloning prior to sequencing was necessary for many taxa due to allelic variation. To reduce erroneous nucleotide incorporation during PCR, we ran the reactions using PfuUltra II Fusion HS DNA Polymerase (Stratagene, La Jolla, California, USA) for amplifying all PHOT2 and some PHOT1 sequences. The other PHOT1 sequences were diffi cult to amplify using the pfu system, probably due to complex secondary structure and nucleotide composition. The FailSafe PCR system (Epicentre, Madison, Wisconsin, USA) was used to amplify these diffi cult sequences. Procedures for DNA extraction, PCR amplifi cation, PCR product purifi cation, cloning, and sequencing essentially followed Yuan and Olmstead (2008) . Depending on the ploidy level (see Appendix 1 and Yuan and Olmstead [2008] for chromosome numbers), 8 -24 positive clones were screened by sequencing with one primer. Distinct clones were then sequenced for the entire region in both strands. Sequencing the two loci, particularly PHOT1 , takes several other primers besides those shown in Fig. 1 (see Appendix 2) because of the large variation of intron size across taxa. Some of these primers were specifi cally designed for only a few taxa (e.g., NAVF1, NAVF2) or a single taxon (e.g., VlitF, VlitR). Sequences generated in this study have been deposited in GenBank (EU547314 -EU547442).
Sequence alignment, recombination detection, and phylogenetic analysis -Sequence alignments were performed manually using the program Se-Al version 2.0a11 ( Rambaut, 1996 ) based on the similarity criterion ( Simmons, 2004 ) . While the structure of PHOT2 sequences is relatively simple and the solved Junellia unifl ora (Phil.) Moldenke with species of the Junellia II group, albeit not well supported, but clearly not with Junellia I (highlighted in shade), whereas partition 2 resolved this species as sister to J. seriphioides in the Junellia I group with strong support ( Fig. 6B ).
Herterozygosity at PHOT1 and PHOT2 -Although the same strategy was used for screening clones of both loci, substantially more alleles were recovered from PHOT2 than PHOT1 . The heterozygous individuals are indicated by a clone number following the species name in Figs. 4 and 5 . While 35% of the individuals sampled are heterozygous at the PHOT1 locus, 68% are heterozygous at PHOT2 . What causes this disparity is unclear. One possibility is that the complex structure and nucleotide composition (e.g., many long insertions and deletions, and numerous microsatellite and polynucleotide regions) of PHOT1 sequences induced severe PCR bias -some of the alleles were amplifi ed in such small quantity relative to the other alleles that they cannot be recovered by the our cloning and screening strategy.
Phylogenetic analysis -Figures 4 and 5 show the PHOT1
and PHOT2 gene trees, respectively. Both gene trees have good and somewhat similar resolution ( Table 1) . For example, 66% of the maximum number of internal branches in a fully resolved tree have bootstrap (BS) support higher than 80% from the parsimony analyses for both PHOT1 and PHOT2 ; 76% and 77% of the internal branches have posterior probability (PP) higher than 0.95 from the Bayesian analyses for PHOT1 and PHOT2 , respectively ( Table 1 ) . Both PHOT1 and PHOT2 gene trees suggest monophyly of Verbena and Glandularia and nonmonophyly of Junellia , but they differ in relationships and phylogenetic positions of the two Junellia groups ( Junellia I and II) ( Figs. 4, 5 ) . The PHOT1 gene tree recovered a basal grade of Junellia species, and neither Junellia group I nor II is monophyletic. In contrast, the PHOT2 gene tree resolved both Junellia I and II as monophyletic groups, though Junellia I was found at an unexpected position as sister to the genus Verbena . Figure 6 represents the results from our parsimony analyses on the partitioned data sets of PHOT1 . Partition 1 ( Fig. 6A ) re- Fig. 1 . Schematic representation of the portion of PHOT gene duplicates of the Verbena complex used in this study. White and shaded boxes represent exon and intron regions, respectively. Numbers in the box indicate exons 8 -14. Exon -intron boundary was determined by comparison with annotated Arabidopsis homologs (http://www.arabidopsis.org). Both diagrams were drawn on the same scale, but the intron sizes are shown as the average of the Verbena complex because the variation is too great to depict on the scale here. The exons are conserved in size between the two loci as well as across taxa. The size of corresponding introns at the two loci differs substantially. The top two degenerate primers were used to amplify both paralogs simultaneously. A set of semiuniversal primers optimized for amplifying and sequencing each locus in Lamiales were designed from the exon regions. " F " and " R " indicate forward and reverse direction, respectively. Note that exon 9 is so conserved that the same primers can be used to sequence both loci. Olmstead, 2008 ) . Meanwhile, they also consistently suggest that the genus Junellia is not monophyletic and that Glandularia crithmifolia is more closely related to Junellia species than Glandularia species. However, the three nuclear gene trees are not completely congruent, even on the phylogenetic backbone. While PHOT1 , waxy , and chloroplast gene trees suggest that Glandularia and Verbena are more closely related to each other than either to Junellia , PHOT2 gene trees indicate that a Junellia clade ( Junellia I, Fig. 5 ) is sister to Verbena . The most likely explanation for this unexpected position of the Junellia I clade is incomplete lineage sorting, given the inference that the Verbena complex is a recent and rapidly diversifying group ( Yuan and Olmstead, 2008 ) . On the other hand, while PHOT2 , waxy , and chloroplast gene trees all suggest that both groups of Junellia ( Junellia I and II) are monophyletic, the PHOT1 gene tree indicates that neither of these two groups is monophyletic ( Fig. 5 ) . The nonmonophyly of Junellia I is due to the unexpected position of J. unifl ora (highlighted by a thickened zigzag line in Fig. 4 ) , which can be explained by a putative ancestral recombination (discussed later). The nonmonophyly of Junellia DISCUSSION Phylogenetic utility of the PHOT duplicates -Resolution --Considering that the three genera of the Verbena complex are closely related and that species within each genus are barely distinguishable when compared using the data set for ~5.3-kb noncoding chloroplast DNA ( Yuan and Olmstead, 2008 ) , the PHOT gene trees are fairly well resolved ( Table 1 and Figs. 4, 5 ) . This well-supported resolution suggests that the PHOT loci can be a good source of data to infer relationships among closely related taxa.
Congruence and incongruence between gene trees --For the backbone of the Verbena complex phylogeny, nuclear PHOT1 , PHOT2 , and waxy gene trees (for the waxy gene tree, see Yuan and Olmstead, 2008 ) cpDNA do not give much resolution in regard with the relationships among these species ( Yuan and Olmstead, 2008 ) . These nuclear gene trees consistently indicate that V. menthifolia , at least the individual sampled here, is of hybrid origin, with V. halei as one of the putative parental species. An extensive sampling across the distribution range of this species is necessary to test whether the entire species is of hybrid origin. The incongruence example pertains to the relationship between South American (SA) and NA Verbena . In Figs. 4 and 5 , SA Verbena species are shaded; the rest of Verbena are NA species. The PHOT1 gene tree ( Fig. 4 ) resolves both SA and NA Verbena as monophyletic, albeit not well supported due to the apparent II, however, is most likely to be explained by incomplete lineage sorting again.
On a fi ner level, incongruence among gene trees is probably due to incomplete lineage sorting and possibly some recent gene fl ow. However, there are also cases in which different gene trees are congruent. Here we will discuss one exemplar case of each from the genus Verbena . The congruence example comes from a North American (NA) species, V. menthifolia (in boldface in Figs. 4 and 5 ) . Both PHOT gene trees suggest that one of the two alleles of this species is very similar to V. halei , whereas the other allele is somehow quite isolated from the rest of NA species. The waxy gene tree shows the same pattern; traspecies level problems. The fact that ~5.3 kb of relatively rapidly evolving noncoding chloroplast DNA barely gives any resolution within the genus Verbena or Glandularia ( Yuan and Olmstead, 2008 ) makes us suspect the suffi ciency of entire chloroplast genomes, comprised mostly of conserved coding sequences, in resolving relationships between closely related taxa. Finally, and most importantly, even when organelle genome sequences become readily available at the species or population level and if these data are suffi cient to generate a well-resolved gene tree, the lack of recombination means that the entire organelle genome is just one " coalescence gene " ( Hudson, 1990 ) . Multiple loci (i.e., multiple independent gene trees) are essential to increase accuracy of estimating species tree from gene trees ( Maddison and Knowles, 2006 ; Knowles and Carstens, 2007) . Therefore, nuclear loci are indispensable sources of data to infer inter-or intraspecies relationships.
Despite the paramount importance of nuclear loci for inferring relationships among closely related taxa, there are few broadly applicable nuclear DNA regions available to plant systematists who study a specifi c group. Screening appropriate loci often takes much time and is not of interest to most empirical systematists (but see some recent efforts in identifying large number of conserved ortholog set [COS] markers; Fulton et al., 2002 ; Wu et al., 2006 ) . Therefore, beyond our primary focus on the Verbena complex, a set of broadly applicable primers were optimized for each of the PHOT gene duplicates for amplifying and sequencing Lamiales ( Fig. 1 ) , an angiosperm clade consisting of some 23 families and 22 000 species, so that systematists who study phylogenetics of closely related taxa in Lamiales can easily access these loci.
Dramatic intron size variation -Nuclear gene intron size evolves rapidly -Five of the six introns of PHOT1 and one of the six introns of PHOT2 sequenced in this study have some substantial size variation; among them intron 13 of PHOT1 represents the most dramatic variation ( Figs. 2 and 3 ). Within such a recently radiated group as the Verbena complex, the size of intron 13 of PHOT1 varies from 193 to 2468 bp -over 12-fold. Even among very closely related species, there is conspicuous variation. For example, one South American Verbena species is 2.5 times longer than other South American Verbena species (638 vs. 250 bp) in intron 8 of PHOT1 ; one of the two alleles of Glandularia tenera is two times longer than the other allele (939 vs. 493 bp) in intron 12 of PHOT1 . These results suggest that nuclear gene intron size evolves rapidly at the PHOT1 locus. Perhaps empirical systematists using nuclear gene sequences need to be cautious when cutting the band of the " expected size " from a gel when the PCR products contain multiple molecules of variable size. sequence similarity between V. litoralis (SA) and the isolated V. menthifolia (NA) allele. In contrast, the PHOT2 gene tree shows that neither NA nor SA Verbena is monophyletic; both are polyphyletic. The waxy gene tree shows an intermediate scenario: the NA group is monophyletic, but the SA group is paraphyletic and forms a basal grade ( Yuan and Olmstead, 2008 ) .
The incongruence on some parts of the gene trees highlight one of the two major impediments to inferring phylogenetic relationships among recently diverged species that we mentioned earlier (see Introduction). The fact that given insuffi cient evolutionary time, different genes are expected to show different phylogenetic histories in a stochastic fashion due to random lineage sorting, has only recently been widely appreciated in the systematics community ( Maddison, 1997 ; Degnan and Salter, 2005; Degnan and Rosenberg, 2006; Maddison and Knowles, 2006 ; An é et al., 2007 ; Carstens and Knowles, 2007; Edwards et al., 2007 ; Kubatko and Degnan, 2007 ; Liu and Pearl, 2007 ) . The critical importance of this issue has stimulated active development of analytic methods in recent years that take stochastic lineage sorting into account to infer phylogenies at species or population level using multilocus data ( Maddison and Knowles, 2006 ; An é et al., 2007 ; Carstens and Knowles, 2007; Edwards et al., 2007 ; Liu and Pearl, 2007 ) . The gene trees reported here and in the previous study ( Yuan and Olmstead, 2008 ) are fundamental bases for our future work of inferring the species tree of the Verbena complex.
Is it still necessary to develop general markers for phylogenetic studies? --As we stated in the introduction, one of the goals of this paper is to develop the PHOT gene paralogs as a new source of data to infer nuclear gene trees. But in the " phylogenomic era " ( Delsuc et al., 2005 ) , why is it still necessary to develop general markers from only a handful of loci? First, for nonmodel taxa, genomic-level data are still scanty for phylogenetic purposes, particularly in plant phylogenetic studies. The limited plant " phylogenomics " data, essentially all from organelle genomes (i.e., chloroplast and mitochondria) rather than the far more information-rich nuclear genomes, are primarily used to depict the general picture of relationships among major plant groups (e.g., Qiu et al., 2006 ) . Although organelle genome sequencing will undoubtedly become routine for inferring phylogenies in the near future, application of organelle genome data at the species or population level, which often requires sampling a large number of individuals, will probably need to wait for several years. But meanwhile, phylogenetic studies at the species and/or population level are emerging as one of the major interests of the systematics community, so there is still a need for general nuclear gene markers. Second, plant organelle genomes may not possess enough variation for inter-and in- Source of intron size variation -What causes the intron size variation we observed? There appear to be a variety of sources of variation, but extensive invasion of short transposable elements (100 -1000 bp) and frequent long deletions and insertions of unknown causes are largely responsible. For example, in PHOT1 intron 8 ( Fig. 2 ) , one species has an exceptionally long intron due to a MITE (miniature inverted-repeat transposable element) insertion (MITE1, Fig. 4 ) . In PHOT1 intron 13, a MITE insertion occurred in the common ancestor of the Junellia I, Verbena , and Glandularia clades (MITE2, Fig. 4 ) , which explains why the Junellia II species are shorter than all others ( Fig. 2 , some Glandularia species had further deletions). Later in the same intron, a long insertion of unknown origin occurred in the common ancestor of Verbena , explaining why Verbena has a bigger intron than others ( Fig. 2 ) . Subsequently, a second MITE insertion (MITE3, Fig. 4 ) occurred in V. litoralis within the originally inserted MITE, and an independent second MITE insertion (MITE4, Fig. 4 ) occurred in V. hispida within the same original MITE but at a different position. It is notable that these MITEs are all evolutionarily related but are quite different in nucleotide sequence, which suggests there have been active MITE transpositions during the evolution of the Verbena complex. It is also well known that transposable element insertion is a common source of genome size variation SanMiguel and Bennetzen, 1998; Vitte and Panaud, 2005; Hawkins et al., 2006) . The size reduction of this intron in some Glandularia species is caused by a few independent long deletions of unknown mechanisms ( Fig. 2 ) . In PHOT1 intron 12, the insertion found in one of the two alleles of Glandularia tenera resulted from a transfer of a piece of chloroplast psaA gene. In PHOT2 intron 10 ( Fig. 3 ) , a long deletion occurred in the common ancestor of Glandularia , resulting in Glandularia having a smaller intron than Junellia and Verbena . In the same intron, an ~280-bp duplication of a direct repeat of the neighboring sequence was found in the common ancestor of a clade of Verbena species that includes V. neomexicana var. hirtella ( Fig. 5 ) .
Intron size change as evolutionary signature --Every insertion or deletion event mentioned left a signature that can be used to trace evolutionary history and assess phylogenetic relationships. For instance, the original MITE insertion in PHOT1 intron 13 (MITE2, Fig. 4 ) is a molecular signature defi ning the clade consisting of Verbena , Glandularia , and Junellia I, corroborating other evidence that Junellia is not monophyletic. Similarly, the big deletion in PHOT2 intron 10 is a synapomorphy for Glandularia and the ~280-bp insertion in PHOT2 intron 12 is a synapomorphy defi ning the monophyly of that group of Verbena species that have this insertion.
Footprint of ancestral recombination -Phylogenetic analysis of the entire sequence from exons 8 -14 of PHOT1 put Junellia unifl ora in a very unexpected position ( Fig. 4 ) , in confl ict with all other evidence that suggests J. unifl ora belongs to the monophyletic Junellia I group. Visual inspection of the sequence and algorithm-based detection revealed that the fi rst part (exon 8 to the end of intron 11) is quite similar to the Junellia II sequences, whereas the second part (exons 12 -14) is clearly Junellia I type. We have resequenced this taxon to confi rm that this " mosaic feature " is not an artifact.
In gene trees from the partitioned data sets, J. unifl ora is grouped with Junellia II species using the fi rst part of the sequence ( Fig.  6A ), but groups with Junellia I species when using the second part ( Fig. 6B ) . Two hypotheses can explain the origin of this mosaic sequence: (1) recent gene fl ow between J. unifl ora (a species belonging to Junellia I clade) and some Junellia II species along with recombination, and (2) ancient recombination between ancestral Junellia alleles followed by lineage sorting.
Multiple lines of evidence favor the ancestral-recombinationfollowed-by-lineage-sorting over the recent-gene-fl ow-alongwith-recombination hypothesis. First, if there is recent gene fl ow between J. unifl ora and some Junellia II species, one would expect to fi nd some Junellia II alleles introduced to J. unifl ora at other loci besides PHOT1 , but our PHOT2 and waxy data show a clean J. unifl ora genetic background. Second, recent gene fl ow with recombination should result in two reciprocally mosaic alleles instead of only one allele, as recovered in this study after we amplifi ed and sequenced this taxon twice. Furthermore, the Junellia I clade is more closely related to Verbena and Glandularia than to the Junellia II clade. Recent gene fl ow is less likely between the two Junellia clades than within each clade. On the other hand, an ancient recombination between ancestral alleles before the divergence of Junellia I and II clades could provide suffi cient time for the fi xation of one of the recombinant alleles in J. unifl ora during subsequent lineage sorting. This " ancient " history could also provide suffi cient time to accumulate observed sequence divergences between J. unifl ora and both Junellia I and Junellia II species represented by branch lengths in the gene trees ( Fig. 6 ). Based on these concerns, we fi nd it is most plausible that the mosaic feature of J. unifl ora PHOT1 sequence is a footprint of an ancestral recombination event. It would be interesting to sample more individuals in the future to examine whether this pattern is found in the entire species.
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